Antimicrobial Resistance and Virulence Gene Profiles of Methicillin-Resistant and -Susceptible <i>Staphylococcus aureus</i> From Food Products in Denmark by Li, Heng et al.
u n i ve r s i t y  o f  co pe n h ag e n  
Københavns Universitet
Antimicrobial Resistance and Virulence Gene Profiles of Methicillin-Resistant and -
Susceptible Staphylococcus aureus From Food Products in Denmark
Li, Heng; Andersen, Paal Skytt; Stegger, Marc; Sieber, Raphael N.; Ingmer, Hanne;
Staubrand, Nicholas; Dalsgaard, Anders; Leisner, Jørgen J.
Published in:
Frontiers in Microbiology
DOI:
10.3389/fmicb.2019.02681
Publication date:
2019
Document version
Publisher's PDF, also known as Version of record
Document license:
CC BY
Citation for published version (APA):
Li, H., Andersen, P. S., Stegger, M., Sieber, R. N., Ingmer, H., Staubrand, N., ... Leisner, J. J. (2019).
Antimicrobial Resistance and Virulence Gene Profiles of Methicillin-Resistant and -Susceptible Staphylococcus
aureus From Food Products in Denmark. Frontiers in Microbiology, 10, [2681].
https://doi.org/10.3389/fmicb.2019.02681
Download date: 01. Feb. 2020
fmicb-10-02681 December 11, 2019 Time: 18:10 # 1
ORIGINAL RESEARCH
published: 13 December 2019
doi: 10.3389/fmicb.2019.02681
Edited by:
Sophia Johler,
University of Zurich, Switzerland
Reviewed by:
Karsten Becker,
University of Münster, Germany
Kristina Kadlec,
Independent Researcher, Wunstorf,
Germany
*Correspondence:
Jørgen J. Leisner
jjl@sund.ku.dk
Specialty section:
This article was submitted to
Food Microbiology,
a section of the journal
Frontiers in Microbiology
Received: 23 August 2019
Accepted: 05 November 2019
Published: 13 December 2019
Citation:
Li H, Andersen PS, Stegger M,
Sieber RN, Ingmer H, Staubrand N,
Dalsgaard A and Leisner JJ (2019)
Antimicrobial Resistance
and Virulence Gene Profiles
of Methicillin-Resistant
and -Susceptible
Staphylococcus aureus From
Food Products in Denmark.
Front. Microbiol. 10:2681.
doi: 10.3389/fmicb.2019.02681
Antimicrobial Resistance
and Virulence Gene Profiles
of Methicillin-Resistant
and -Susceptible
Staphylococcus aureus From
Food Products in Denmark
Heng Li1, Paal Skytt Andersen2, Marc Stegger2, Raphael N. Sieber2, Hanne Ingmer1,
Nicholas Staubrand1, Anders Dalsgaard1,3 and Jørgen J. Leisner1*
1 Department of Veterinary and Animal Sciences, Faculty of Health and Medical Sciences, University of Copenhagen,
Copenhagen, Denmark, 2 Department of Bacteria, Parasites and Fungi, Statens Serum Institut, Copenhagen, Denmark,
3 School of Chemical and Biomedical Engineering, Nanyang Technological University, Singapore, Singapore
Foods may potentially serve as vehicles for the transmission of antimicrobial-resistant
variants of Staphylococcus aureus that are important in a human clinical context.
Further, retail food products can be a cause of staphylococcal food poisoning. For
these reasons and to account for source attribution and risk assessment, detailed
information on the population structure, resistance, and virulence profiles of S. aureus
originating from retail food products is necessary. In the current study, whole-genome
sequences from 88 S. aureus isolates were subjected to bioinformatics analyses in
relation to sequence types, antimicrobial resistance, and virulence profiles.The sequence
types (ST) identified belonged to 13 clonal complexes (CC) with CC5 and CC398 being
the most common. CC398 was identified as the dominant clone (n = 31). CC5 was
identified as of avian origin, with the presence of ϕAVβ prophage genes (n = 13).
In total, 39.8% of the isolates contained multiple resistance genes, and methicillin-
resistant Staphylococcus aureus (MRSA) isolates were found in CC8, CC9, and CC398.
Genes conferring resistance to the antimicrobial classes of β-lactams, tetracycline, and
erythromycin were detected in this study, all of which are commonly used in Danish
livestock production. The tst gene encoding the toxic shock syndrome toxin was for the
first time identified in ST398 isolates, probably as a result of a single acquisition of a
SaPI-like element. The sushi-CC398 isolates carrying the scn gene likely originated from
a human reservoir, while the other isolates originated from livestock. Taken together, our
results show that both human and animal reservoirs contribute to contamination in food
products and that retail foods may serve as a vehicle of S. aureus between livestock
and humans.
Keywords: MRSA, MSSA, retail meat, ready-to-eat food, antibiotic resistance, toxin genes, CC types,
Staphylococcus aureus
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INTRODUCTION
Staphylococcus aureus is an opportunistic pathogen causing
severe conditions such as endocarditis, toxic shock syndrome,
scalded skin syndrome, and osteomyelitis (Otto, 2014). It is
found in raw food of animal origin but also in, e.g., ready-
to-eat foods as a result of contamination during the handling
process and may cause food poisoning if present in high
numbers (Le et al., 2003). The prevalence of antimicrobial-
resistant and especially methicillin-resistant variants (MRSA) is
a major human health concern, in particular in hospitals, and
MRSA is increasingly found in food products. Also, livestock-
associated MRSA (LA-MRSA) has been isolated from animal-
derived foods such as turkey and pork meat (Mossong et al.,
2015; Tang et al., 2017). MRSA variants exhibit resistance to
β-lactams through the acquisition of the mobile staphylococcal
cassette chromosome mec (SCCmec) (Ito and Hiramatsu, 1998).
Methicillin-susceptible S. aureus (MSSA) of human or animal
origin is found in a broad range of foods and is frequently
resistant to a range of antimicrobials such as tetracycline,
erythromycin, and gentamicin (Waters et al., 2011).
Staphylococcus aureus harbors genes encoding a variety of
virulence factors including enterotoxins (SEs; sea to see, seg
to sei, ser to set), exfoliative toxins (eta, etb), toxic shock
syndrome toxin-1 (tst), Panton-Valentine leukocidin (lukS/F-
PV), staphylococcal complement inhibitor (scn), and hemolysins
(hly/hla, hlb, hld, hlgA, hlgB, hlgC) (Chen et al., 2005; Argudín
et al., 2010)1. Enterotoxin production is important as it causes
food poisoning, whereas the other virulence factors are associated
with infection rather than intoxication. The scn gene is a
marker of the immune evasion cluster (IEC) of strains that has
been detected at high frequency among diverse collections of
S. aureus strains obtained from humans, indicating that the scn
gene may be useful for differentiating strains that have been
transmitted from livestock to humans from those of human
origin (Rinsky et al., 2013).
In Denmark, the surveillance of MRSA is established by the
Staphylococcus group at Statens Serum Institut2 and recorded
by the DANMAP initiative3, with results published on a yearly
basis. All isolates are tested by multiplex PCR for the presence
of genes encoding staphylococcal protein A (spa), mecA, CC398
(sau1-hsd), staphylococcal complement inhibitor (scn), and lukF-
PV (DANMAP, 2017). Except for the lukF-PV encoding gene,
isolates are not routinely examined for the presence of other
virulence genes such as enterotoxins and exfoliative toxins
(Franck et al., 2017).
With the aim of determining the livestock or human
origin of MRSA and MSSA isolated from foods sold in
Denmark, a bioinformatics approach was employed to study the
relatedness of S. aureus isolated from animals (chicken, pork,
and turkey processed retail meat) or from foods subjected to
human handling (sushi and pasta salads). Further, we examined
genotypic antimicrobial resistance profiles and possession of
1http://www.mgc.ac.cn/VFs/
2https://en.ssi.dk/
3www.danmap.dk
virulence factors in order to conduct an overall evaluation
of the potential risks associated with the presence of MRSA
and MSSA in foods.
MATERIALS AND METHODS
Staphylococcus aureus Strains
A total of 88 S. aureus isolates were included in this study,
including 29 isolates from 17 types of raw chicken products, 15
from six types of raw turkey products, and 17 from 10 types of
raw pork products. The products were obtained randomly from
Danish supermarkets located in the area of Copenhagen between
November 2014 and September 2015 (Tang et al., 2017). The meat
was of Danish origin except for the turkey, which was presumably
imported from Germany. In addition, 17 strains were selected
representing the different spa-types observed among isolates
obtained from sushi, i.e., Maki and Nigiri with salmon, from
ready-to-eat restaurants representative of positive or negative
food inspector rankings in Copenhagen during December 2017
and January 2018 (Li et al., 2019). Finally, ten isolates were
obtained in January and February 2018 from pasta salads from
a Danish outlet using the same sampling and isolation methods
as employed for the sushi isolates. This outlet was selected due
to a previous study showing high bacterial counts for the pasta
salad products (Kjeldgaard et al., 2010; the shop was listed as
outlet “C”). Among the 88 isolates, 14 isolates were identified as
MRSA, as previously reported (Tang et al., 2017).
Whole-Genome Sequencing
Isolates were grown in Luria-Bertani broth (240230; Difco,
United States) for 24 h at 37◦C while being shaken, and genomic
DNA was extracted and purified using a DNeasy Blood & Tissue
Kit, according to the manufacturer’s instructions (Qiagen GmbH,
Hilden, Germany). The quality of the extracted DNA was assessed
using a Nanodrop ND-1000 spectrophotometer (Nanodrop
Technologies, Wilmington, DE, United States) and 1.0% (w/v)
agarose gel. Purified DNA was whole-genome sequenced using
Illumina’s NextSeq 500 (Illumina, San Diego, CA, United States).
Genome assemblies were obtained using SPAdes v3.9 (Nurk
et al., 2013), and the quality was evaluated with QUAST v2.3
(Gurevich et al., 2013). The raw sequencing reads from the strains
are available at the European Nucleotide Archive under project
accession ID PRJEB32298.
Analysis of MLST and Clone Complexes
Multilocus sequence typing was obtained using the MLST 2.0
tool (Larsen et al., 2012) on the Illumina read files and eBURST
v34 analysis was performed to group STs into clonal complexes
(CCs). A Minimum Spanning Tree (MST) based on ST types was
created using BioNumerics v7.5 (Applied Maths, Sint-Martens-
Latem, Belgium). A single nucleotide polymorphism (SNP) tree
for all isolates was constructed by CSI Phylogeny v1.4, available
at the Center for Genomic Epidemiology5, and visualized with
genotypic data using PhyD3 (Kreft et al., 2017).
4www.mlst.net
5https://cge.cbs.dtu.dk/services/CSIPhylogeny/
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TABLE 1 | CC, MSSA/MRSA, ST, and spa profiles of S. aureus isolates from retail meat and ready-to-eat foods.
CC type MSSA/MRSA STa Spa typeb Sourcec
CC1 4/0 ST1 (4) t127 (1), t273 (2), ND (1) Chicken (2), pork (1), sushi (1)
CC5 13/0 ST5 (13) t034 (1), t3478 (11), ND (1) Chicken (13)
CC7 6/0 ST7 (6) t605 (2), t091 (2), t11399 (2) Pork (2), sushi (4)
CC8 0/3 ST8 (3) t008 (3) Chicken (3)
CC9 4/2 ST9 (5) t337 (1), t1430 (2), t6158 (2) Pork (3), turkey (2)
ST2423 (1) t15045 (1) Pork (1)
CC15 3/0 ST15 (3) t084 (3) Chicken (1), pasta salad (2)
CC20 2/0 ST1281 (2) t458 (1), ND (1) Sushi (2)
CC30 7/0 ST30 (1) t021 (1) Pasta salad (1)
ST433 (6) t1273 (1), t1333 (5) Chicken (5), pork (1)
CC45 7/0 ST45 (5) t132 (1), t282 (1), t362 (1), t728 (1), ND (1) Pork (1), sushi (4)
ST972 (2) t230 (2) Pasta salad (2)
CC88 1/0 ST88 (1) ND (1) Sushi (1)
CC101 3/0 ST101 (3) t056 (3) Pasta salad (3)
CC398 22/9 ST398 (31) t011 (2), t034 (18), t108 (1), t1451 (2),
t2582 (1), t3478 (2), t3625 (1), ND (4)
Chicken (9), pork (4), turkey
(13), sushi (4), pasta salad (1)
CC779 1/0 ST779 (1) t878 (1) Pasta salad (1)
Not determined 1/0 ST2867 (1) t9602 (1) Sushi (1)
aNumbers in parentheses are the number of isolates per sequence (ST) type. bNumbers in parentheses are the number of isolates per spa type. ND: not done (not
typeable). cNumbers in parentheses are the number of isolates from each source of food products.
FIGURE 1 | Minimum-spanning tree, as constructed from the MLST data of 88 S. aureus isolates collected from retail food products in Denmark. Circle sizes
represent the number of isolates, and circle areas are colored by food source and labeled with sequence types (STs). The different colors represented isolates from
retail chicken (n = 29), pork (n = 19), sushi (n = 17), turkey (n = 13), and pasta salad (n = 10).
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FIGURE 2 | SNP cladogram of all S. aureus study isolates as obtained by the PhyD3 JavaScript library. The presence of virulence and antimicrobial resistance
markers, isolate sources, as well as clonal complexes, is indicated on the right. The filled circles indicate confirmed markers with 100% identity and empty circles
indicate potential markers with a 90% identity threshold, as extracted from ResFinder. The filled dark blue squares in the column to the right indicate a livestock
origin, while the empty squares indicate a human-handling origin. (A) Virulence markers were located in various CC groups. (B) Antimicrobial resistance markers
were mainly located on CC398, especially the livestock-associated CC398 with the dark blue square markers.
Construction and Analysis of
Phylogenetic Tree for CC398 Isolates
A phylogenetic tree was constructed using all CC398 isolates
obtained from the Danish food products in this study (n = 14)
and the CC398 isolates from a previous study on LA-
MRSA CC398 in Denmark (Sieber et al., 2018) including
isolates from Danish pig farms (n = 209), Danish patients
(n = 83), people who were registered in the national
MRSA database as having had occupational contact with
livestock and having been colonized or infected with LA-
MRSA CC398 (n = 79), and isolates from the international
reference collection (n = 82) (Price et al., 2012). SNPs were
identified by mapping reads against the ST398 reference
genome (strain S0385; GenBank accession no. AM990992)
through Northern Arizona SNP Pipeline (NASP) (Sahl et al.,
2016). SNPs falling into regions of putative recombination,
such as the ∼123-kb region that was horizontally acquired
from a CC9 donor (Price et al., 2012), were removed from
the alignment. The maximum-likelihood phylogenetic tree
was established in IQTREE (Nguyen et al., 2014) from the
remaining sites using default settings. The robustness of the
phylogeny was assessed with the software’s Ultrafast bootstrap
method using 1,000 replicates. Finally, the phylogenetic tree
was imported to iTOL (Interactive tree of life) for visualization
(Letunic and Bork, 2016)6.
Identification of Antimicrobial
Resistance and Virulence Genes
Antimicrobial-resistant genes (Zankari et al., 2012) and
virulence genes (Joensen et al., 2014) were identified with
the online tools ResFinder and VirulenceFinder7. For a hit
to be reported by the two programs, it had to cover at least
60% of the length of the gene sequence in the database
with a sequence identity of 60 and 90%, respectively. The
SAAV_2008 and SAAV_2009 genes associated with the avian
ϕAVβ prophage were extracted from the NCBI database
(GenBank id NC_013450) and searched for in the new
isolates of this study with BLASTN in CLCbios’s Genomics
Workbench v6.5. The criterion for determining gene presence
6https://itol.embl.de/
7http://genomicepidemiology.org/
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FIGURE 3 | Maximum-likelihood phylogeny as obtained from the 31 S. aureus CC398 isolates from this study and 453 S. aureus CC398 isolates from Sieber et al.
(2018). The tree was rooted according to the work of Price et al. (2012). The scale bar represents the number of nucleotide substitutions per variable site. The type of
food products and methicillin-resistance gene mecA are shown. The basal human-associated lineage of S. aureus CC398 (H), according to Price et al. (2012), as
well as the three most prevalent lineages in Danish pigs (L1, L2, and L3), according to Sieber et al. (2018), are highlighted.
was set at ≥95% identity between the query gene and the
reference sequence.
RESULTS AND DISCUSSION
Sequence Types and Clonal Complex of
S. aureus Isolates From Food Products
The MLST typing of the 88 S. aureus genomes revealed a total
of 17 distinct ST types, with the most commonly detected being
ST398 (35%) and ST5 (15%). MSSA isolates (n = 74) were
detected among all ST types, while MRSA isolates (n = 14)
were only found among ST8, ST9, and ST398 from retail meat.
Thirteen CC types were identified according to eBURST V3,
namely CC1, CC5, CC7, CC8, CC9, CC15, CC20, CC30, CC45,
CC88, CC101, CC398, CC779, and one ST2867 (see Table 1
for CCs and STs).
The sources of different ST isolates in the CC groups are
shown in Figure 1. ST398 was most common and originated from
turkey (n = 13), chicken (n = 9), pork (n = 4), sushi (n = 4),
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and pasta salad (n = 1). ST5 and ST8 isolates were isolated from
chicken products only. ST20 and ST88 were isolated from sushi.
ST101 and ST779 were isolated from pasta salad. ST1, ST30, and
ST45 were found in either chicken, pork, or sushi products. ST7,
ST9, and ST15 were isolated from one or more of the sources
chicken, pork, turkey, sushi, and pasta salad.
Associations were observed for different CC types/STs and
the presence of genes encoding virulence or antimicrobial
resistance. Thus, virulence genes were present in various clonal
complex groups (Figure 2A), while antimicrobial resistance
genes were present mostly in CC398 isolates, especially in
livestock-associated CC398 isolates (Figure 2B).
In Denmark, CC398 is the most common type of LA-MRSA
in pigs (Aarestrup et al., 2010). The increasing prevalence of
LA-MRSA 398 in Danish pigs and patients has been caused by
clonal expansion of the predominant lineages L1, L2, and L3
(Sieber et al., 2018). In the present study, three pork isolates
and four chicken isolates of CC398 were located in lineages L1
and L2, while all sushi isolates clustered in the human-associated
lineage (Figure 3). Further, livestock-associated CC398 isolates
from retail meat and pasta salad did not encode scn, whereas
isolates from sushi harbored this gene. Even though LA-
MRSA CC398 is present in food products, epidemiological
data suggest that food plays only a minor role in infections
or colonization in humans (Larsen et al., 2015). So far, food
as an important transmission pathway for livestock-associated
CC398 has only been shown for the CC398/CC9 hybrid of
spa-type t899 (Larsen et al., 2016), which was not observed in
the present study.
Staphylococcus aureus CC5 is a well-described CA-MRSA
lineage where MSSA clones could eventually evolve to MRSA
through the acquisition of the mecA gene (Rasigade et al., 2010;
Monecke et al., 2011). Studies have also found that the majority
of S. aureus isolates from poultry belong to an avian-associated
lineage of CC5, which has emerged from a human-to-poultry host
jump and is characterized by numerous signatures of adaptation
to the avian host including carriage of the avian ϕAVβ prophage
genes (Lowder et al., 2009; Fitzgerald, 2012). In the present study,
the ϕAVβ genes (SAAV_2008, SAAV_2009) were detected in all
CC5 isolates (n = 13), which is consistent with all these isolates
having been obtained from chicken products.
Staphylococcus aureus CC1, CC8, CC30, and CC45 have
been described as lineages circulating in the hospital and/or
community settings (Stefani et al., 2012; Chatterjee and Otto,
2013). CC30 and CC45 have been identified as the most
prevalent group lineages associated with human cases of S. aureus
bacteremia (SAB) (DANMAP, 2017). In this study, raw chicken
or pork were the most common sources for CC1, CC8, and CC30,
whereas handled ready-to-eat sushi and pasta salad were the most
common sources for CC45. This indicates that the presence of
CC45 might be due mainly to human handling.
Recently, the community-associated CC88 MRSA was also
found to be involved in two hospital outbreaks in Ireland caused
by ST78 and ST88, respectively (Earls et al., 2018). Moreover,
CC88 (ST78) also appeared for the first time in 2017 as the most
frequently prevalent MRSA in human infections in Denmark
(DANMAP, 2017). Since sushi is a manually handled food,
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TABLE 3 | Distribution of virulence markers according to sensitivity toward methicillin (MSSA vs. MRSA) and food products.
Exfoliative Toxic shock Other virulence SEs
Enterotoxins toxins syndrome markers positivea
No. sea/sep seb sec seg seh sei sek sel sem sen seo seq seu eta etb tst lukF-PV scn (%)
Methicillin
sensitivity
MSSA 74 15 1 4 33 4 33 1 4 33 29 29 1 32 0 0 1 0 28 50 (67.6)
MRSA 14 0 0 0 2 0 2 3 0 2 2 2 3 2 0 0 2 3 3 5 (35.7)
Food product
Chicken 29 4 0 0 14 2 14 3 0 14 10 10 3 13 0 0 0 3 4 23 (79.3)
Pork 17 0 0 0 10 1 10 0 0 10 10 10 0 10 0 0 0 0 2 11 (64.7)
Turkey 15 5 0 0 2 0 2 0 0 2 2 2 0 2 0 0 2 0 0 7 (46.7)
Sushi 17 5 1 2 6 1 6 1 2 6 6 6 1 6 0 0 1 0 16 11 (64.7)
Pasta salad 10 1 0 2 3 0 3 0 2 3 3 3 0 3 0 0 0 0 9 3 (30.0)
Total 88 15 1 4 35 4 35 4 4 35 31 31 4 34 0 0 3 3 31 55 (62.5)
aNumbers in parentheses indicate the prevalence of enterotoxin genes in each category.
sushi-CC88 may originate from the hands of restaurant workers
(Li et al., 2019).
CC7, CC9, CC15, and CC101 were identified as both
human- and livestock-associated lineage groups. Previous studies
reported MSSA isolates of CC7, CC9, CC15, and CC101 in
Belgian and English communities (Grundmann et al., 2002;
Hallin et al., 2007). Livestock-associated S. aureus CC9 has
emerged as a cause of bloodstream infections in France (Lamamy
et al., 2012). Methicillin-sensitive CC15 has been associated
with nasal carriage (Sarkar et al., 2016). These CC types were
associated with different types of foods in this study. Thus, CC7
originated from pork and sushi, CC9 from pork and turkey, CC15
from chicken and pasta salad, and CC101 from pasta salad. Thus,
the CC7, CC9, and CC15 types might be livestock-associated, but,
in the case of CC15 and CC101, their presence might also be
due to human handling. Finally, CC20 and CC779 were found
in sushi and pasta salad, which also indicates that their presence
is due to handling.
Antimicrobial Resistance Marker Genes
In silico detection of antimicrobial resistance marker genes based
on bacterial genomes is applicable to many areas of surveillance
(Zankari et al., 2012). The antimicrobial susceptibility pattern
of S. aureus isolates from samples of different food products
revealed that all 88 isolates were resistant to at least one
antimicrobial, including penicillin, tetracycline, and macrolides
(Table 2). The presence of antibiotic resistant markers was
much more pronounced among CC398 isolates than among
other CC types (Figure 2). Specifically, 48.6% (36/74) of MSSA
isolates contained the blaZ gene encoding penicillin resistance,
and 37.8% (28/74) of the MSSA and 78.5% (11/14) of the
MRSA isolates harbored tetracycline-resistance genes [tet(K) (8),
tet(L) (1), and tet(M) (18) in MSSA; tet(K) (8), tet(L) (6), and
tet(M) (9) in MRSA].
Staphylococcus aureus isolated from meat samples
in retail outlets is frequently resistant to ampicillin,
tetracycline, penicillin, and erythromycin (Kelman et al., 2011;
Waters et al., 2011; Wu et al., 2018). Similarly, genes indicating
resistance to β-lactam antimicrobials, tetracycline, and
erythromycin were observed in the present study. This
may be attributed to the fact that tetracyclines, penicillins,
and macrolides represent three of the top four classes of
antimicrobials used in Danish pig production (DANMAP, 2017).
Virulence Marker Genes
Toxins constitute an important group of S. aureus virulence
factors (Yang et al., 2018), with enterotoxins being important to
food safety. The distribution of virulence genes among CC types
showed the opposite situation to that observed for resistance
markers, with CC398 overall encoding much fewer such genes
than the remaining CC types (Figure 3). The fact that the
majority of ST398-MRSA isolates are negative for major virulence
factors such as enterotoxins, Panton-Valentine leucocidin, toxic
shock syndrome toxins, and exfoliative toxins has been noted
previously (Kadlec et al., 2009; Feßler et al., 2010, 2011; Monecke
et al., 2011). In our study, genes encoding enterotoxins were
found in 55 isolates, with a prevalence of 67.6% (50/74) in MSSA
and 35.7% (5/14) in MRSA, higher than found by Hammad et al.
(2012) but lower than reported in other studies (Vázquez-Sánchez
et al., 2012; Yang et al., 2018). Some or all of the seg, sei, sem, sen,
seo, and seu genes were frequently present in MSSA and also in
two MRSA isolates, while the sea, seb, sec, she, and sel genes were
only observed in MSSA isolates. No exfoliative toxin genes (eta,
etb) were found among the 88 isolates (Table 3). Three lukS/F-
PV-positive CC8 isolates were identified in retail chicken among a
total of 88 isolates. Isolates encoding PVL have also been reported
in other studies of ready-to-eat food, and a high PVL carriage
rate (60.9%) among MRSA isolates has been observed for food
in China (Pu et al., 2009; Hanson et al., 2011; Wang et al., 2014;
Yang et al., 2018).
A total of 31 isolates were confirmed to contain scn genes,
including 25 isolates from sushi and pasta salad products. Thus,
the scn gene was observed in fifteen sushi isolates with the
types CC1 (1), CC7 (4), CC20 (2), CC45 (4), CC398 (4), and
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ST2867 (1), nine pasta salad isolates with the types CC15 (2),
CC30 (1), CC45 (2), CC101 (3), and CC779 (1), four chicken-
isolates with the types CC8 (3) and CC15 (1), and two pork-
isolates with the types CC 1(1) and CC45 (1). The presence of scn
genes in at least sushi and pasta salad isolates indicates that they
likely originated from a human reservoir as food contaminants.
The tst gene encoding toxic shock syndrome toxin 1 (TSST-1)
was detected in two CC398 isolates from turkey meat and one
CC45 isolate from a sushi product. Raw reads were mapped to
the tst reference gene (GenBank accession no. AP009324.1) to
confirm its presence in the CC398 isolates, and assemblies of
the gene regions were aligned to the reference sequence of the
SaPI1 carrying the tst gene (Lindsay et al., 1998). This showed
that the two CC398 isolates carried almost identical elements,
indicating a single acquisition, while they both only shared some
similarity with the reference sequence, indicating that the tst
genes were carried on a SaPI-like element. The two isolates
clustered together in the phylogenetic tree, which also makes
a single acquisition of the mobile genetic element carrying the
genes encoding TSST-1 likely. The source of the two isolates
was turkey meat sold in a Danish supermarket with limited
information about the country of origin (Tang et al., 2017). The
toxic shock syndrome toxin is a super-antigen that can cause a
variety of symptoms (Schlievert, 1993; Kare and Dang, 2008).
This study shows for the first time to our knowledge the presence
of tst in S. aureus CC398.
CONCLUSION
Our study takes a combined bioinformatical approach to acquire
detailed data on antimicrobial-resistant and virulence markers
in S. aureus isolated from retail meat and ready-to-eat foods
in Copenhagen, Denmark. Thirteen lineages were found to be
present in food products, with the most commonly detected
isolates belonging to CC398 and CC5. CC398 was identified as
the most commonly encountered clonal complex (n = 31). CC5
isolates (n = 13) were identified as an avian-associated lineage
containing avian ϕAVβ prophage genes. MRSA isolates were
detected among CC398 (n = 9), CC9 (n = 2), and CC8 (n = 3).
Resistance genes towards β-lactam antimicrobials, tetracycline,
and erythromycin were frequently observed, which correlates
with these three antimicrobial classes being commonly used in
Danish livestock production. The tst virulence gene was detected
in one CC45 and two CC398 isolates. The presence of the tst
gene encoding the TSST-1 toxin in CC398, reported here for
the first time, was most likely the result of a single acquisition
of a SaPI-like mobile genetic element. The sushi-CC398 isolates
carrying the scn gene likely originated from a human reservoir
(human-associated lineage), while the other isolates originated
from livestock. Together, our results show that both human
and animal reservoirs can contribute to contamination in food
products and that retail foods may serve as a vehicle of S. aureus
between livestock and humans.
DATA AVAILABILITY STATEMENT
The whole-genome sequence data generated in this study have
been submitted to the European Nucleotide Archive under
BioProject accession number PRJEB32298.
AUTHOR CONTRIBUTIONS
HL, JL, HI, and AD designed the study. HL and NS performed
the experiments. HL, PA, MS, and RS analyzed the bioinformatics
data. HL and JL wrote the manuscript.
FUNDING
This work was supported by a Ph.D. study grant (CSC No.
201606350038) to HL from the China Scholarship Council.
REFERENCES
Aarestrup, F. M., Cavaco, L., and Hasman, H. (2010). Decreased susceptibility
to zinc chloride is associated with methicillin resistant Staphylococcus aureus
CC398 in Danish swine. Vet. Microbiol. 142, 455–457. doi: 10.1016/j.vetmic.
2009.10.021
Argudín, M. Á, Mendoza, M. C., and Rodicio, M. R. (2010). Food poisoning
and Staphylococcus aureus enterotoxins. Toxins 2, 1751–1773. doi: 10.3390/
toxins2071751
Chatterjee, S. S., and Otto, M. (2013). Improved understanding of factors driving
methicillin-resistant Staphylococcus aureus epidemic waves. J. Clin. Epidemiol.
5, 205–217. doi: 10.2147/CLEP.S37071
Chen, L., Yang, J., Yu, J., Yao, Z., Sun, L., Shen, Y., et al. (2005). VFDB: a reference
database for bacterial virulence factors. J. Nucleic. Acids. 33, D325–D328.
DANMAP (2017). Use of Antimicrobial Agents and Occurrence of Antimicrobial
Resistance in Bacteria From Food Animals, Food and Humans in Denmark.
Copenhagen: Statens Serum Institut.
Earls, M. R., Coleman, D. C., Brennan, G. I., Fleming, T., Monecke, S., Slickers,
P., et al. (2018). Intra-hospital, inter-hospital and intercontinental spread of
ST78 MRSA from two neonatal intensive care unit outbreaks established using
whole-genome sequencing. Front. Microbiol. 9:1485. doi: 10.3389/fmicb.2018.
01485
Feßler, A., Kadlec, K., Hassel, M., Hauschild, T., Eidam, C., Ehricht, R., et al. (2011).
Characterization of methicillin-resistant Staphylococcus aureus isolates from
food and food products of poultry origin in Germany. Appl. Environ. Microbiol.
77, 7151–7157. doi: 10.1128/AEM.00561-11
Feßler, A., Scott, C., Kadlec, K., Ehricht, R., Monecke, S., and Schwarz, S. (2010).
Characterization of methicillin-resistant Staphylococcus aureus ST398 from
cases of bovine mastitis. J. Antimicrob. Chemother. 65, 619–625. doi: 10.1093/
jac/dkq021
Fitzgerald, J. R. (2012). Livestock-associated Staphylococcus aureus: origin,
evolution and public health threat. Trends Microbiol. 20, 192–198. doi: 10.1016/
j.tim.2012.01.006
Franck, K. T., Gumpert, H., Olesen, B., Larsen, A. R., Petersen, A., Bangsborg,
J., et al. (2017). Staphylococcal aureus enterotoxin C and enterotoxin-like L
associated with post-partum mastitis. Front. Microbiol. 8:173. doi: 10.3389/
fmicb.2017.00173
Grundmann, H., Hori, S., Enright, M. C., Webster, C., Tami, A., Feil, E. J.,
et al. (2002). Determining the genetic structure of the natural population of
Staphylococcus aureus: a comparison of multilocus sequence typing with pulsed-
field gel electrophoresis, randomly amplified polymorphic DNA analysis, and
phage typing. J. Clin. Microbiol. 40, 4544–4546.
Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality
assessment tool for genome assemblies. J. Bioinform. 29, 1072–1075.
Frontiers in Microbiology | www.frontiersin.org 8 December 2019 | Volume 10 | Article 2681
fmicb-10-02681 December 11, 2019 Time: 18:10 # 9
Li et al. Genetic Profiles of S. aureus From Food
Hallin, M., Denis, O., Deplano, A., De Mendonça, R., De Ryck, R., Rottiers, S., et al.
(2007). Genetic relatedness between methicillin-susceptible and methicillin-
resistant Staphylococcus aureus: results of a national survey. J. Antimicrob.
Chemother. 59, 465–472.
Hammad, A. M., Watanabe, W., Fujii, T., and Shimamoto, T. (2012). Occurrence
and characteristics of methicillin-resistant and -susceptible Staphylococcus
aureus and methicillin-resistant coagulase-negative staphylococci from Japanese
retail ready-to-eat raw fish. Int. J. Food Microbiol. 156, 286–289. doi: 10.1016/j.
ijfoodmicro.2012.03.022
Hanson, B., Dressler, A., Harper, A., Scheibel, R., Wardyn, S., Roberts, L.,
et al. (2011). Prevalence of Staphylococcus aureus and methicillin-resistant
Staphylococcus aureus (MRSA) on retail meat in Iowa. J. Infect Public Health
4, 169–174.
Ito, T., and Hiramatsu, K. (1998). Acquisition of methicillin resistance and
progression of multi antibiotic resistance in methicillin-resistant Staphylococcus
aureus. Yonsei Med. J. 39, 526–533.
Joensen, K. G., Scheutz, F., Lund, O., Hasman, H., Kaas, R. S., Nielsen, E. M., et al.
(2014). Real-time whole-genome sequencing for routine typing, surveillance,
and outbreak detection of verotoxigenic Escherichia coli. J. Clin. Microbiol. 52,
1501–1510. doi: 10.1128/JCM.03617-13
Kadlec, K., Ehricht, R., Monecke, S., Steinacher, U., Kaspar, H., Mankertz,
J., et al. (2009). Diversity of antimicrobial resistance pheno- and
genotypes of methicillin-resistant Staphylococcus aureus ST398 from
diseased swine. J Antimicrob. Chemother. 64, 1156–1164. doi: 10.1093/jac/
dkp350
Kare, M., and Dang, A. (2008). Staphylococcal toxic shock syndrome. J. Assoc.
Physicians. India 56, 192–194.
Kelman, A., Soong, Y.-A., Dupuy, N., Shafer, D., Richbourg, W., Johnson, K., et al.
(2011). Antimicrobial susceptibility of Staphylococcus aureus from retail ground
meats. J. Food Prot. 74, 1625–1629. doi: 10.4315/0362-028X.JFP-10-571
Kjeldgaard, K. J., Stormly, M. L., and Leisner, J. J. (2010). Relation between
microbial levels of ready-to-eat foods and the monitoring of compliance with
HACCP-based own control programs in small Danish food outlets. Food
Control 21, 1453–1457.
Kreft, L., Botzki, A., Coppens, F., Vandepoele, K., and Van, B. M. (2017). PhyD3:
a phylogenetic tree viewer with extended phyloXML support for functional
genomics data visualization. J. Bioinform. 33:2946. doi: 10.1093/bioinformatics/
btx324
Lamamy, C., Berthelot, A., Bertrand, X., Valentin, A.-S., Dos Santos, S., Thiais,
S., et al. (2012). CC9 livestock-associated Staphylococcus aureus emerges in
bloodstream infections in French patients unconnected with animal farming.
Clin. Infect. Dis. 56, e83–e86. doi: 10.1093/cid/cis1205
Larsen, J., Petersen, A., Sørum, M., Stegger, M., Van Alphen, L., Valentiner-
Branth, P., et al. (2015). Methicillin-resistant Staphylococcus aureus CC398 is
an increasing cause of disease in people with no livestock contact in Denmark,
1999 to 2011. Euro. Surveill. 20:10.2807/1560-7917.ES.2015.20.37.30021. doi:
10.2807/1560-7917.ES.2015.20.37.30021
Larsen, J., Stegger, M., Andersen, P. S., Petersen, A., Larsen, A. R., Westh, H.,
et al. (2016). Evidence for human adaptation and foodborne transmission
of livestock-associated methicillin-resistant Staphylococcus aureus. Clin. Infect.
Dis. 63, 1349–1352.
Larsen, M. V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H., Marvig, R. L.,
et al. (2012). Multilocus sequence typing of total-genome-sequenced bacteria.
J. Clin. Microbiol. 50, 1355–1361. doi: 10.1128/JCM.06094-11
Le, L. Y., Baron, F., and Gautier, M. (2003). Staphylococcus aureus and food
poisoning. Genet. Mol. Res. 2, 63–76.
Letunic, I., and Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for
the display and annotation of phylogenetic and other trees. J. Nucleic Acids 44,
W242–W245. doi: 10.1093/nar/gkw290
Li, H., Stegger, M., Dalsgaard, A., and Leisner, J. J. (2019). Bacterial content and
characterization of antibiotic resistant Staphylococcus aureus in Danish sushi
products and association with food inspector rankings. Int. J. Food Microbiol.
305:108244. doi: 10.1016/j.ijfoodmicro.2019.108244
Lindsay, J. A., Ruzin, A., Ross, H. F., Kurepina, N., and Novick, R. P. (1998). The
gene for toxic shock toxin is carried by a family of mobile pathogenicity islands
in Staphylococcus aureus. Mol. Microbiol. 29, 527–543.
Lowder, B. V., Guinane, C. M., Zakour, N. L. B., Weinert, L. A., Conway-Morris, A.,
Cartwright, R. A., et al. (2009). Recent human-to-poultry host jump, adaptation,
and pandemic spread of Staphylococcus aureus. Proc. Natl. Acad. Sci. U.S.A. 106,
19545–19550. doi: 10.1073/pnas.0909285106
Monecke, S., Coombs, G., Shore, A. C., Coleman, D. C., Akpaka, P., Borg, M.,
et al. (2011). A field guide to pandemic, epidemic and sporadic clones of
methicillin-resistant Staphylococcus aureus. PLoS One 6:e17936. doi: 10.1371/
journal.pone.0017936
Mossong, J., Decruyenaere, F., Moris, G., Ragimbeau, C., Olinger, C. M., Johler,
S., et al. (2015). Investigation of a staphylococcal food poisoning outbreak
combining case–control, traditional typing and whole genome sequencing
methods. Luxembourg, June 2014. Euro. Surveill. 20:30059. doi: 10.2807/1560-
7917.ES.2015.20.45.30059
Nguyen, L.-T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2014). IQ-TREE:
a fast and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300
Nurk, S., Bankevich, A., Antipov, D., Gurevich, A., Korobeynikov, A., Lapidus,
A., et al. (2013). “Assembling Genomes and Mini-metagenomes from Highly
Chimeric Reads,” in Proceedings of the Research in Computational Molecular
Biology - 17th Annual International Conference, RECOMB 2013, Beijing),
158–170.
Otto, M. (2014). Staphylococcus aureus toxins. Curr. Opin. Microbiol. 17, 32–37.
doi: 10.1016/j.mib.2013.11.004
Price, L. B., Stegger, M., Hasman, H., Aziz, M., Larsen, J., Andersen, P. S.,
et al. (2012). Staphylococcus aureus CC398: host adaptation and emergence
of methicillin resistance in livestock. mBio 3:e00305-11. doi: 10.1128/mBio.
00305-11
Pu, S., Han, F., and Ge, B. (2009). Isolation and characterization of methicillin-
resistant Staphylococcus aureus strains from Louisiana retail meats. J. Appl.
Environ. Microbiol. 75, 265–267. doi: 10.1128/AEM.01110-08
Rasigade, J.-P., Laurent, F., Lina, G., Meugnier, H., Bes, M., Vandenesch, F.,
et al. (2010). Global distribution and evolution of Panton-Valentine leukocidin-
positive methicillin-susceptible Staphylococcus aureus, 1981–2007. J. Infect. Dis.
201, 1589–1597.
Rinsky, J. L., Nadimpalli, M., Wing, S., Hall, D., Baron, D., Price, L. B., et al. (2013).
Livestock-associated methicillin and multidrug resistant Staphylococcus aureus
is present among industrial, not antibiotic-free livestock operation workers in
North Carolina. PLoS One 8:e67641. doi: 10.1371/journal.pone.0067641
Sahl, J. W., Lemmer, D., Travis, J., Schupp, J. M., Gillece, J. D., Aziz, M., et al. (2016).
NASP: an accurate, rapid method for the identification of SNPs in WGS datasets
that supports flexible input and output formats. Microb. Genom. 2:e000074.
doi: 10.1099/mgen.0.000074
Sarkar, A., Raji, A., Garaween, G., Soge, O., Rey-Ladino, J., Al-Kattan, W., et al.
(2016). Antimicrobial resistance and virulence markers in methicillin sensitive
Staphylococcus aureus isolates associated with nasal colonization. Microb.
Pathog. 93, 8–12. doi: 10.1016/j.micpath.2016.01.008
Schlievert, P. M. (1993). Role of superantigens in human disease. J. Infect. Dis. 167,
997–1002.
Sieber, R. N., Skov, R. L., Nielsen, J., Schulz, J., Price, L. B., Aarestrup, F. M.,
et al. (2018). Drivers and Dynamics of methicillin-resistant livestock-associated
Staphylococcus aureus CC398 in pigs and humans in Denmark. mBio 9:e2142-
18. doi: 10.1128/mBio.02142-18
Stefani, S., Chung, D. R., Lindsay, J. A., Friedrich, A. W., Kearns, A. M., Westh,
H., et al. (2012). Methicillin-resistant Staphylococcus aureus (MRSA): global
epidemiology and harmonisation of typing methods. Int. J. Antimicrob. Agents
39, 273–282. doi: 10.1016/j.ijantimicag.2011.09.030
Tang, Y., Larsen, J., Kjeldgaard, J., Andersen, P. S., Skov, R., and Ingmer, H. (2017).
Methicillin-resistant and -susceptible Staphylococcus aureus from retail meat in
Denmark. Int. J. Food Microbiol. 249:72.
Vázquez-Sánchez, D., López-Cabo, M., Saá-Ibusquiza, P., and Rodríguez-Herrera,
J. J. (2012). Incidence and characterization of Staphylococcus aureus in fishery
products marketed in Galicia (Northwest Spain). Int. J. Food Microbiol. 157,
286–296. doi: 10.1016/j.ijfoodmicro.2012.05.021
Wang, X., Li, G., Xia, X., Yang, B., Xi, M., and Meng, J. (2014). Antimicrobial
susceptibility and molecular typing of methicillin-resistant Staphylococcus
aureus in retail foods in Shaanxi. China Foodborne Pathog. Dis. 11, 281–286.
doi: 10.1089/fpd.2013.1643
Waters, A. E., Tania, C. C., Jordan, B., Liu, C. M., Lindsey, W., Kimberly, P., et al.
(2011). Multidrug-resistant Staphylococcus aureus in US meat and poultry. Clin.
Infect. Dis. 52, 1227–1230. doi: 10.1093/cid/cir181
Frontiers in Microbiology | www.frontiersin.org 9 December 2019 | Volume 10 | Article 2681
fmicb-10-02681 December 11, 2019 Time: 18:10 # 10
Li et al. Genetic Profiles of S. aureus From Food
Wu, S., Huang, J., Wu, Q., Zhang, J., Zhang, F., Yang, X., et al. (2018).
Staphylococcus aureus isolated from retail meat and meat products in China:
incidence, antibiotic resistance and genetic diversity. Front. Microbiol. 9:2767.
doi: 10.3389/fmicb.2018.02767
Yang, X., Yu, S., Wu, Q., Zhang, J., Wu, S., and Rong, D. (2018). Multilocus
sequence typing and virulence-associated gene profile analysis of Staphylococcus
aureus isolates from retail ready-to-eat food in China. Front. Microbiol. 9:197.
doi: 10.3389/fmicb.2018.00197
Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund,
O., et al. (2012). Identification of acquired antimicrobial resistance genes.
J. Antimicrob. Chemother. 67, 2640–2644. doi: 10.1093/jac/dks261
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2019 Li, Andersen, Stegger, Sieber, Ingmer, Staubrand, Dalsgaard and
Leisner. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 10 December 2019 | Volume 10 | Article 2681
